Spin- wave modes and band structure of rectangular CoFeB antidot lattices 
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We present an investigation of rectangular antidot lattices in a CoFeB film. Magnonic band structures are 
numerically calculated, and band gaps are predicted which shift in frequency by 0.9 GHz when rotating the 
external field from the long to the short axis of the unit cell. We demonstrate by time-resolved experiments 
that magnonic dipolar surface modes are split in frequency by 0.6GHz which agrees well with the theoretical 
prediction. These findings provide the basis for directional spin-wave filtering with magnonic devices. 

PACS numbers: 75.78.-n, 75.30.Ds, 75.50.Cc, 75.70.Ak, 75.40.Gb, 



The use of spin waves opens up routes to new computing 
devices with advantages over today's CMOS-based technol- 
ogy. Although magnetic damping is comparably high (re- 
quiring small-scale devices), Joule's heating caused by elec- 
tron currents is avoided (Jj, Much research has been de- 
voted to interferometer-like structures 0], inspired by the pos- 
sibility of (local) spin-wave phase manipulation by Oersted 
fields fl. On the other hand, effective spin-wave filters can 
be designed on the basis of ferromagnetic stripes with modu- 
lated widths • One concept of spin- wave excitation and 
detection is based on rf-antennas which, however, cannot be 
put in arbitrary proximity, due to inductive coupling. If, in- 
stead, the excitation was achieved by intense light pulses as 
implemented in heat-assisted recording in modern hard disc 
drives Hi, only one antenna would be needed for detection. 
Hence, effective mechanisms for spin-wave selection from the 
broad-band (laser) excitation are required. It has been shown 
that magnonic crystals inhibit the necessary features: two- 
dimensional antidot lattices show Bloch-like modes with dis- 
tinct wave vector, which is in turn tunable by the magnonic 
lattice parameter These modes propagate in the Damon- 
Eshbach (DE) geometry, i.e. with the wave vector k^E perpen- 
dicular to the external magnetic field H ext flOll . They have for 
example been used for spin-wave imaging lllll . 
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A transition between different magnonic crystals may al- 
low the scattering of one magnonic mode into another. 
In particular, when propagation takes place across a (one- 
dimensional) interface, spin-wave tuning or filtering is viable, 
if the magnonic lattices in question are of similar character. 
This can be achieved in rectangular lattices, i.e., if the or- 
thogonal unit vectors of the antidot lattice a\ and differ 
in length. In such magnonic materials we demonstrate ex- 
perimentally how the lattice anisotropy can be employed to 
change the spin-wave characteristics. A rotation of the mag- 
netic field from along the long axis of the rectangular lattice 
to the short axis allows to decrease the spin-wave frequency 
by ps 0.6 GHz rerouting the spin wave by 90°. Namely, we 
observe spin-wave splitting at the Brillouin zone boundary 
which opens routes to magnonic spin-wave filter devices tun- 
able by rotating the magnetic field. 

In order to develop a theoretical understanding, band struc- 



FIG. 1: Uniform mode analysis in rectangular antidot lattices, 
(a) Calculated magnetization profile using |Eq. (1)| along a high- 
symmetry direction (solid black line). The lattice parameter a\ = 
3.5 (jm is depicted as well as the idealized profile (blue dashed line). 
In (b), the respective reciprocal lattice vectors in Fourier space are 
plotted (black points). The Brillouin zone boundary is given by the 
solid red line, high symmetry points T, X, S, and X' are marked in 
white. Reciprocal lattice unit vectors (gray arrows) are b\ = 2%/a\ 
and Z?2 = 2k/ci2, respectively. 



ture calculations are performed, the numerical formalism of 
which has been presented in detail in Ref. lfl2tl . In brief, the 
Landau-Lifshitz-Gilbert (LLG) equation of motion is solved 
by a plane-wave method as developed by Puszkarski and co- 
workers lfl3i [Till . For the case of a thin ferromagnetic film, 
dynamic magnetic modes can be - under neglection of the ex- 
change interaction - assumed to be uniform across the film 
thickness lfl5ll . In the lateral direction, the periodic modula- 
tion of the sample's magnetization between film and antidots 
is achieved by a Fourier synthesis lfl3ll 
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where G is a two-dimensional vector of the reciprocal lattice. 
The profile of Ms which has been used in the calculations is 



plotted as a black line in |Fig. 1(a)] The constituting reciprocal 

These provide a com- 
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lattice vectors are shown in 
promise between a desirably well approximation of the step- 
wise magnetization profile on the one hand, yet fulfilling the 
initial assumption of mode uniformity (A 3> t, with spin-wave 
length A and thickness t ) on the other hand. 

Other parameters in the calculations were HqM^ = 1.6T, 
Mo^ext = 130mT, and g = 2.04. An antidot lattice with 
a\ = 3.5 urn and 02 = 2.5 |jm was the basis for both the cal- 
culations as well as the experiments to be discussed later in 
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FIG. 2: Numerically calculated band structures for rectangular magnonic crystals in a CoFeB matrix. In (a), the continuous film is presented 
with a vanishing antidot radius R = 0, maintaining the periodicities a\ = 3.5 urn and «2 = 2.5 urn. The external field is applied parallel to 
«2 and a folding of the Damon-Eshbach dispersion into the first Brillouin zone is observed (orange line). Plots in (b) and (c) show the band 
structures for a non- vanishing radius R = 400 nm and H ext applied along «2 and a\ , respectively. The insets illustrate the geometry, where the 
dotted red lines depict the direction of H ext . For spin-wave propagation perpendicular to H ext and Mg, i.e. in the Damon-Eshbach geometry, 
band gaps open up at the X- and X'-points (black ellipses). These shift in frequency by 0.9GHz. 



this manuscript. Plotted in Fig. 2 are the numerically ob- 
tained results of the band structure calculations. In (a), the 
band structure of a continuous film is presented which is mod- 
eled in the limit R — > 0, with unchanged lattice parameters a,. 
The external field was applied parallel to ai and a folding of 
the Damon-Eshbach dispersion into the first Brillouin zone is 
found as expected from solid state theory (orange line). 

A finite antidot radius of R = 400 nm leads to the magnonic 



band structures shown in Fig. 2(b) and [(c)] For the two plots 
the external field was applied along either of the unit vec- 
tor directions of the antidot lattice. The paths to the X- and 
X'-points in reciprocal space hence correspond to DE surface 
waves propagating perpendicular to H ext and Ms. When ap- 
proaching the Brillouin zone boundary, the bands for these 
modes flatten out and culminate in band gaps at X and X' as 
marked by the black ellipses in the graph. By means of the 
aspect ratio of the rectangular lattice vectors, also the energy 
(i.e. frequency) of the Bloch-like modes at X and X' can be 
shifted: given the condition &e>e = 71 /at the DE-frequency will 
change when changing a,, i.e., when propagation of the DE 
modes is along either of the two lattice unit vectors. Namely, 
a frequency shift of 0.9 GHz is calculated. 

In the following we will describe an experimental evalua- 
tion of the numerical results using femtosecond laser pulses. 
An all-optical approach was utilized, where one can make use 
of the very broad band, neither frequency- nor ^-selective ex- 
citation of spin waves lfl6ll . In principle, such an experiment 
will show those spin-wave modes with the highest density of 
states (DOS). According to general solid state theory, the flat- 
tened bands found above should lead to an increased DOS and 
should therefore resemble the rectangular anisotropy. Since 



the bands shift in Fig. 2 a change of the DOS should be ex- 



perimentally observed in an altered population of spin-wave 
modes. For the experiments, a Co2oFe6oB2o film with a thick- 
ness of t = 50 nm was magnetron-sputtered onto a Si(100) 
substrate and passivated with 3 nm of ruthenium. With a fo- 



cussed beam of Ga-ions (FIB) a rectangular magnonic crystal 
was created using the same structural parameters {ai,a2,R} 
as in the calculations. The overall size of the structured area 
was 150 x 150um 2 , considerably larger than the pump and 
probe laser spot sizes in the experiment (60 um and 15 um, 
respectively). In Fig. 3(a) an SEM image of the sample is 
shown. 

Data analysis followed a scheme as presented in Ref. Il7ll . 
We refrain from plotting reference data on a continuous 
CoFeB film here. These have already been shown in H] for 
an identical specimen. Plotted in Fig. 3(b) and |(c)| are the 



Fourier-analyzed TRMOKE data as recorded on a rectangular 
antidot lattice milled into a CoFeB film. Depicted by the SEM 
insets is the orientation of the external magnetic field H exl with 
respect to the two-dimensional magnonic crystal. 



The points in Fig. 3(b) and |(c)| represent the peak positions 
and are attributed to the uniform (k = 0) Kittel mode (white), 
the exchange-dominated perpendicular standing spin waves 
(PSSW, gray), and the magnonic Bloch-like DE-modes ex- 
clusively excited on periodically structured samples (green: 
H ex t |j «2, and orange: H ext \\ a\). We would like to empha- 
size that while PSSW and Kittel modes are the only ones ob- 
served on a continuous film, the DE-modes originate from 
the magnonic crystal's periodicity in the propagation direc- 
tion (perpendicular to H ext and Ms) |9J]. Also included as cor- 
respondingly colored solid lines are the theoretically expected 
dispersions lfl2l [l7tl . For simplicity, here we only_ state the 
dipolar Damon-Eshbach dispersion which reads 



i nly i 



DE 



V 7Mo 



H X (H X +M S ) 



M 2 S 



(2) 



Therein, t is the thickness, HqM^ = 1 .6T is the saturation mag- 
netization as stated above, and H x = H ext cos is the projec- 
tion of the canted external field onto the film plane (</> = 30° 
for the experiments presented here). Therefore, as the only 
free parameter the wave vector £de remains. 
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FIG. 3: Experiments on magnonic spin- wave modes in rectangular antidot lattices. In (a), an SEM image of the structured CoFeB film with 
a\ = 3.5 um, ai = 2.5 um, and R = 400nm is given. The plots (b) and (c) show the Fourier power of the magnetic precession observed after 
optical excitation with fs-laser pulses. The peak positions have been determined and are given by the points (white: uniform precession; gray: 
PSSW; green and orange: magnonic Damon-Eshbach mode). The fitted dispersion curves are represented by solid lines 1 17]. Detailed in (d) is 
the frequency shift of the magnonic Damon-Eshbach mode at an applied field of flQH exl = 150mT between the cases H ext _L a\ and /f ext _L ai- 
It accounts to 0.55(4) GHz and agrees reasonably well with the simulations from |Fig~2| 



Given by the solid green and orange lines is the fit of the 
Damon-Eshbach dispersion (|2]i to the experimentally deter- 
mined dispersion /DE(^ext)- In both cases of H eKt _L a, (i = 
1,2) the fits yield the Damon-Eshbach wave vectors kr>E,i = 
0.87(7)|jm- 1 = 0.97 x %ja x and At D e,2 = 1.23(7)nm Jl = 
0.98 X7i/ci2- Hence, not only can one single magnonic mode 
be defined in the structures Q2D - Instead, merely changing the 
relative orientation between external field and antidot lattice 
by 90° is sufficient to excite a different magnonic spin-wave 
mode. This is accompanied by a frequency shift further de- 



tailed in Fig. 3(d) which contains the Fourier spectra of the 
TRMOKE measurements performed at H eKt = 150mT. The 
shift of the magnonic mode's frequency is marked by the black 
arrows and accounts to 0.55 ± 0.04 GHz, which is similar to 



the value expected from the calculations in Fig. 2 



The bosonic character of spin waves becomes apparent 
in the condensation-like excitation in the TRMOKE experi- 
ment lfl8ll . As a consequence, selected spin-wave excitation 
is possible and processing schemes which employ the spin- 
wave propagation for manipulation purposes on top of mere 
transport can be applied [ll l2U- In view of the results pre- 
sented in this manuscript, the interplay between the intrinsic 



anisotropy of the dipolar modes' dispersion ($\k±_M 7^ ®|*|LM 
and the (rectangular) anisotropy stemming from the magnonic 
crystals can further be employed. Namely, frequency split- 
ting of spin waves becomes feasible, with the direction of the 
applied magnetic field as the external control parameter. By 
means of the magnetic field, the propagation direction of the 
spin waves is changed, accompanied by the frequency shift 
described above. 

In conclusion, we expect from numerical calculations the 
opening of magnonic band gaps in the Damon-Eshbach ge- 
ometry and verify this with TRMOKE results that show the 
optical excitation of dynamic modes with wave vectors at the 
Brillouin zone boundary. Thus, a controlled excitation of se- 
lected spin waves can be achieved by rotation of the external 
field. In a more farsighted view, interfaces between respective 
magnonic crystals provide interesting perspectives: a reflec- 
tion of spin waves may be observed due to an abrupt change 
of the magnonic index of refraction lfl9l l20ll . Similarly, the 
spin-wave splitting observed here hints towards directional 
switching devices for spin waves defined by rectangular (i.e. 
anisotropic) magnonic crystals. 
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